I. Introduction
et noise from turbofan engines is one of the major contributors to aircraft noise in particular during take-off. Therefore, modern small-to-medium turbofan engines of bypass ratio 5 to 6 feature an exhaust mixer, where the bypass (cold) air is mixed with the core (hot) exhaust gases, before leaving a common nozzle to the environment. The typical mixer design as considered here forces the two streams to mix by lobed and intertwined chutes in order to increase the mixing efficiency which reduces disproportionately the core stream velocity and thus the broadband (exhaust) noise radiated to the far field. The application of computational methods like CFD and CAA approaches becomes more important in the development process of jet engines in order to improve the complex shape of the mixer design on the one side and to increase the accuracy of the exhaust noise prediction on the other side.
II. Methodology / Numerical Methods

A. Flow Simulation / Computational Setup
It is a challenging task for numerical schemes to capture the turbulent mixing flow and acoustic field for realistic boundary conditions. The used approach, simulating the flow field for this study is an adaptation of a classical DES to two equation models [Ref. 1] . The CFD results have been provided by DLR (German Aerospace Center) by using the DLR flow solver TRACE applied to a full scale mixer (segment) model provided by MTU Aero Engines. TRACE solves the Reynolds-averaged Navier-Stokes equations on hybrid structured/unstructured multi-block meshes using a finite-volume method. For time integration, a higher order implicit time-stepping method is applied [Ref. 2] .
The computational setup is described in more detail in the following. In addition, an overview is given of the global grid features and criteria for the mesh refinement. Fig. 1 shows the geometry of the selected lobed mixer containing 14 segments. DES computations are performed for one mixer segment within the azimuthal sector of 360/14 deg. To assure the feasibility of DES on the angular sector, the pylon is not taken into account in the computation. Jet flow parameters are specified for a realistic sea level static (SLS) operating condition. The operating condition is defined by the pressure ratio (NPR) and temperature ratio (NTR) as given in Tab. 1 for the primary and secondary nozzle. In this work, the nozzle pressure and temperature ratios are defined as NPR=p t /p ∞ and NTR=T t /T ∞ , where the subscripts t and ∞ refers to total and ambient properties, respectively. The penetration height (H/D) of the considered mixer configuration defined as the difference between the maximum and minimum radii at the end of the mixer referred to the nozzle diameter is also given in Tab. 1 for a better comparability with other studies. The modeled sector of the jet configuration is outlined in figures 2, 3 and 4, partly including the FW-H surface(s) used to compute the far-field sound (see section II.B).
In order to estimate the relevant frequency range from the jet noise spectrum, the jet noise sound power spectrum has been predicted by using an in-house semi-empirical calculation method. Deducing from that, a characteristic frequency f 0 of 1000 Hz has been defined. Below that frequency the most spectral content of sound power is expected. This information is mandatory to define the time step and the grid refinement for the DES computations. The results in the time domain for a specified time interval contain the information on the turbulent structures. During the generation of the CFD mesh, care has to be taken on the mesh refinement to resolve the acoustic waves temporally and spatially to ensure propagation in any direction. This requirement must be met independently of the local flow conditions. Furthermore, the nature of the filter in the DES scheme favours isotropic meshes, i.e. shifting from RANS to LES style modelling is based on the maximum cell dimension, so that refinements in just one direction are superfluous in regions where the model is expected to run in LES mode. Therefore, the mesh was built in such a way, that, for the fluid at rest, at least ca. 80 nodes per wave length  0 of a pressure wave at the characteristic frequency f 0 for free-field conditions were available. In the worst case of an upstream travelling wave in the bypass, more than 40 nodes per wave length were still retained. The mesh was considerably refined in wallnormal direction in the boundary layers, where the turbulence model can be expected to run in RANS mode. Thus, in wall-normal direction, care was taken to ensure y+ ≈ 5 for all solid boundaries, while in axial and lateral directions, the above mentioned constraints (at least 40 nodes per wave length) were kept. In order to ensure that a correct boundary layer velocity profile was enforced in spite of the first off-the-wall node being located above the viscous sub-layer, a continuously formulated wall function was used. The turbulence model boundary conditions were modified correspondingly to allow a smooth transition between sub-layer and log-layer profiles. In the shear layers, the mesh refinement that emanates from the boundary layers is retained in order to ensure a good resolution of mean flow gradients in regions where the model might run in RANS mode. Furthermore, the mesh has been J refined in axial and lateral directions by means of three unstructured block-cuts downstream of the mixer lobes to allow the DES model to switch to LES mode in this region. The mesh extends axially by 2.5 nozzle radii downstream from the nozzle exit plane. The planar extension related to the centerline amounts 2.5 nozzle radii. In total, the computational mesh contains approximately 40 million nodes for the one segment of the mixer model. Fig. 2 exemplifies the global structure of the unsteady flow, including the shear layers between core and bypass and between nozzle and exterior flow. The iso-vorticity surface for f= 2 kHz has been coloured with the air temperature, from blue (cold) to red (warm) to illustrate the mixing between core and bypass flow. Behind the mixer lobes, a complex shear layer pattern emerges with turbulent structures becoming larger with downstream convection far apart from the mixer. As shown in Fig. 3 , there are flow regions with attached flow, which could be captured by the RANS-method, e.g. the duct casing upstream of the mixer or nozzle. On the other hand, there are regions behind the mixer segment with prevalent turbulent structures, which have to be resolved by the mesh and calculated by the LES model.
Regarding the digital signal processing of the CFD data, one period (1/1000 s) of frequency f 0 was resolved with 512 time steps, 32 of which were recorded for the acoustic analysis. Subject to the Nyquist theorem, a limit of 16 kHz i.e. the half of the sampling rate defines in the considered case the analyzable frequency range. A frequency resolution of 50 Hz results from the finite simulation time of the time signal. The computation was initialized from a steady-state RANS computation. Before data recording started, a sufficient number of periods, approximately 75 periods (0.075 s), had to be computed to allow for unsteady structures to develop in the shear layers. In total, the 3-D field data were recorded for the last 16 periods. The high spatial resolution of the DES requires a large amount of disk space to save the entire 3-D flow field over a time period sufficient for the acoustic analysis. To accelerate the acoustic analysis, a pre-processing tool has been used to map the unsteady quantities of the acoustic source terms on the topology of a defined analysis surface in order to apply the The present study deals with CFD-data which have been processed for 3 predefined FW-H surfaces, as shown in Fig. 4 marked in green, yellow and blue. For computing the sound radiation to the far-field, i.e. the sound pressure directivity in decibel scale (SPL), microphone positions on a polar arc are defined for a radial distance of 46 m (≈ 150 ft, typically used for static engine measurements) at angles ranging from 40 deg to 140 deg. The center point is located on the centerline (y= z= 0) at x-position of the nozzle exit plane. The green marked surface extends at a larger radius parallel to the reference (yellow) surface. The idea behind this is to study the effect of different radial positions on the SPL directivity. The contour and the radial distance of the 'open' surfaces (yellow, green) relative to the nozzle exit have been chosen in such a way that they are preferably outside the unsteady flow field (Fig. 3) , as required by the classical theory of FW-H. In contrast to that, the blue marked control surface follows for the most part the contour of the reference face in axial direction, but the radial extended part of the surface intersects with the fully turbulent flow. This case does not comply with the above mentioned criterion and should clarify the influence on the FW-H solution.
The ACTRAN code features the functionality of a periodic boundary condition, i.e. the effort is limited to model the angular sector instead of the complete (full domain) configuration. Thus, the computation time and memory demand can be reduced efficiently, provided that the mixer has a periodic shape in the azimuthal direction. Some aspects concerning the feasibility of LES on an angular sector with periodic boundary conditions are described in [Ref. 6] . Then, by using the periodic boundary condition, the sound pressure on a defined field point or microphone position is the sum (complex number) of the contributions of the different reproduced surfaces. The radiated sound power of the segment is multiplied by the geometric periodicity in order to estimate the sound power of the full domain model. For far field analysis, i.e. for the computation of the sound pressure at defined microphone positions in the far field, ACTRAN solves the FW-H equations in the frequency domain by applying the Direct Fourier Transformation (DFT). In general the recorded time samples correspond to a finite or truncated part of a signal provided by CFD simulations. Therefore, the Fourier transformed truncated waveform may result different spectral characteristics compared to a continuous-time signal. To minimize this (leakage) effect, an appropriate window function can be applied. This will enforce a continuity at the end points of the signal and therefore result in a continuous waveform without sharp transitions. Different types of window functions are implemented in ACTRAN; each with their own advantage and preferred application. So for selecting a window function it is advisable to estimate at first the frequency information content of the signal. In principle, the nature of jet mixing creates turbulent eddies which cause a prevalent random sound signal and accordingly a broadband characteristic in the frequency domain. On the other hand, the presence of the mixer adds complexity to the jet flow fields. The nature of the turbulent flow field close to the nozzle exit plane, for example quantified by the turbulent kinetic energy (TKE), shows typically a circumferential periodical pattern, evidently caused by the lobed mixer annulus. This may cause sound modes at frequencies which correlate to the number of lobes. Furthermore, based on practical experience, the forced mixer generates high frequency source noise, commonly labeled "mixer excess noise". The mixer excess noise is most probably associated with a marked increase in turbulence level in the outer shear layer as penetration increases [Ref. 7] .
Following the basic principles of signal analysis, the 'rectangular windowing' yields the same energy content for the Fourier solution as for the time signal (amplitude accuracy). It is also self-evident to apply rectangular windowing, equivalent to uniform windowing, if the type of signal is random. For comparison, FW-H far-field predictions have also been performed using the Hanning window, which is advised for a better frequency resolution to discover potential tonal spectral characteristics as e.g.'mixer excess noise'. But in contrast to the rectangular window, the Hanning window reduces the energy content of the original signal. As outlined more detailed in chapter III, the prediction results based on both window functions, 'rectangular' and Hanning, have been compared with benchmark data.
III. Results/ Evaluation
A. Preliminary Assessment
Before starting the computations relevant for the benchmark test, Actran results have been successfully crosschecked with the outcome of DLRs FW-H method as described in [Ref. 1] . Within previous full domain simulations i.e. applying the periodic boundary conditions, the sound power spectra (PWL) based on the CFD-data of the given 3 various FW-H surfaces have been predicted by using rectangular windowing (Fig. 5) . In view of the benchmark test as described in the next chapter, it is worth noting, that the surfaces (maximum axial extension one nozzle diameter downstream of nozzle exit plane: x*/D= 1) cover not only acoustic sources relevant for forced mixer noise but also sources influenced by the shearing action caused by the relative speed between the exhaust jet and the atmosphere. Regarding Fig. 5 , the PWL spectra follow an overall trend as typical for jet noise. Thus, the maximum level occurs in the low frequency range, around the 1/3 octave mid frequency 315 Hz. The total sound power (OAPWL) for the "open" surfaces 05000 and 05100 are almost the same. Deducing from that, both surfaces -even type 05000 radially closer to the unsteady flow field -are suitable to meet the FWH-interface criterion. Compared with the "radially closed" surface 04999, the corresponding OAPWL is clearly higher (about 6 dB), because the surface enclose even more acoustic sources. Although the surface topology does not comply with the above mentioned interface criterion, the shape of the spectrum follows the global trend.
B. Benchmarking
This study focus on benchmarking the prediction results with obtained mixer noise data, generated by a further developed version of the semi-empirical ISVR/Purdue method [Ref. 7, 8, 9] , which is extensively validated with scale model lobed mixer data and full-scale engine noise data, as well. The basis of the semi-empirical method relies on the fact, that the jet plume can be devided axially into regions downstream from the nozzle exit plane. The jet noise sources are then characterized by the jet parameters velocity, temperature, diameter and turbulent properties of the corresponding regions. For the purpose of comparability, the FW-H solution has been post-processed not only for the whole surface, but also for subareas enclosing the turbulent sources at various relative axial lengths x*/D, ranged from 18% to 100 %. Fig. 6a and 6b show the predicted PWL spectra referring to surface 05000 (reference). The comparison of rectangular versus Hanning windowing results shows spectra of similar trends for x*/D= 18% and 35%, characterized by significant peak levels at frequencies 500 Hz and 6.3 kHz. With increasing axial distance downstream from the nozzle exit, the portion of the low frequency broadband noise rises obviously and overshadows the peak level at 500 Hz. In contrast to the result based on Rectangular windowing, the applied Hanning window resolves the peak level at 6.3 kHz even for the whole available FW-H analysing domain. A more detailed investigation by means of the narrow band spectrum (Fig. 7) and azimuthal directivity at nozzle exit plane of the real parts of the sound pressure p_re (Fig. 8) leads to the following finding:
The maximum power level occurs also at the narrow band frequency of 500 Hz and the level decreases clearly at the neighbouring frequencies. The peak levels at 6.15, 6.2, 6.6 and 6.65 kHz contribute significantly to the 1/3 octave level at 6.3 kHz. According to Fig. 8 , the real part of the sound pressure of the relevant low frequencies are constant across the whole azimuthal range. In contrast to that, the circumferential p_re patterns referring to peak levels in the 1/3 octave band 6.3 kHz are obviously periodic of mode order 14 equivalent to the mixer's lobe number. It has been proven, that the directivity curves in the range below the 1/3 octave frequency of 4 kHz show marginal periodical or none periodical patterns of order m=14. The low frequency peak level at 500 Hz appears to correlate with a Strouhal-number St= 2 as given through the relation St= f • D/ v, where v and D are the jet characteristic velocity and diameter, respectively. The value is within the range of experience (St= 1. to 2.5) which have been inferred from noise data of 12-lobed mixer configurations [Ref. 7] . Regarding the interpretation of the characteristic 1/3 octave band level at 6.3 kHz, two points of view are self-evident:
On the one hand, the spectral shape deals with high frequency source noise, generated by the forced mixer. On the other hand, the tendency may be probably caused by the periodicity condition from the CFD computation, which distributes the sound energy on sound modes of azimuthal order m= i • 14, with i= 0, 1, 2, etc.. The latter interpretation follows the findings given in [Ref. 6] , which compares the results of "classical" full domain with quarter domain simulations by applying periodic boundary condition. These aspects have been taken into consideration by interpreting the prediction results compared with the benchmark data (free-field data i.e. lossless corrected in the sense of atmospheric damping) as shown in Fig. 6b . Thus, the prediction overestimates the mixer noise obviously in the low frequency range around 500 Hz. Regarding the spectral shape around 6.3 kHz, the benchmark curve is typically characterized by broadband noise in contrast to the prediction as mentioned above. For the case of the remaining range within 1 kHz and 4 kHz, the predicted levels are close to the benchmark curve. But even for that range of frequency, we would expect lower levels compared with the benchmark curve, because the benchmark data are deduced from a wider axially extended region of the jet plume, 5-times magnified as for the computational setup. The observed tendency of global overestimation is in line with the conclusion from [Ref. 6] .
IV. Conclusion
The comparison with benchmark data have demonstrated, that the prediction by using the FW-H surface integral method applied for DES-data, reproduces the main features of the forced mixer noise spectrum and directivity. Thus, the predicted noise is predominant at low frequencies being verified with Strouhal-numbers of characteristic jet parameters. However, concerns are advisable on the interpretation of the absolute levels and especially spectral characteristics linked to azimuthal directivities, showing mode orders of integer multiples of the lobe numbers of the forced mixer. Thus, the usage of DES data based on segment modeling applying periodic boundary conditions modifies turbulent structures artificially which has a strong influence on the acoustic radiation. Therefore, further studies will focus on the comparison of segment domain with classical full domain simulations to improve the degree of accuracy. 
